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Abstract
Dynamic analysis was conducted for two flexible composite structures coupled by a fluid medium. As the dynamic loading is
applied to one structure, the other structure responds to the dynamic loading resulting from the load transfer through the fluid
medium. To investigate such a coupled interaction between two structures, both experimental and numerical studies were
conducted to supplement each other. First, a series of experiments were undertaken for two separate composite plates. In the
designed test setup, water was filled between two composite plates. The water level between the two plates was varied and
strain gages were attached to the composite plates. An impact load was applied to the front composite plate, and the dynamic
responses of the both plates were measured using the strain gages. The cellular automata (CA) technique was also used for
the numerical study. The results showed that the fluid–structure interaction (FSI) played an important role for the structural
coupling depending on the water level between the plates.
Keywords Fluid–structure interaction · Structural coupling through fluid · Cellular automata · Dynamic analysis
1 Introduction
Fluid–structure interaction (FSI) occurs in natural and engi-
neered systems. Fluid may be contained inside a structure or
surround a structure. Furthermore, a structure may contact
fluids on both of its sides. Some examples of internal fluids
are blood flow in blood vessels (Di Martino et al. 2001; Sim-
sek and Kwon 2015), flow-induced vibration (Blevins 1977;
Weaver et al. 2000), sloshing motions in storage tanks under
seismic loading (Chen et al. 1996; Karamanos et al. 2006),
and hydrodynamic ram effect (Kwon et al. 2016; Kwon and
Yun 2017). An example of external fluids is structural behav-
ior subjected to underwater explosion (Kwon and Fox 1993;
Walter et al. 2013).
An engineering structure or system for marine applica-
tionsmostly requires consideration of FSI effects in its design
and analysis process. Previous studies showed that the effect
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of FSI is very critical to structures made of polymer compos-
ite materials because the densities of the polymer composites
are generally comparable to the density of water which is the
commonfluidmedium (Craugh andKwon2013;Kwon2011;
Kwon et al. 2012, 2013). Those studies suggested that design
and analysis of composite structures without considering FSI
effects could result in their premature failure.
Kwon et al. (2017) studied FSI for a composite box which
contained water and was subjected to an external impact
loading. The study focused on the stress propagation from
the front side to the back side through the structure as well
as the internal fluid medium. However, this paper investi-
gated the coupling of two independent structures through a
fluid medium between them. One structure is subjected to
an external load, then the structural motion influences the
other structure through a fluid medium. Both experimental
and numerical studies were conducted in order to supplement
each other.
The subsequent section describes the design of the exper-
imental setup and test procedures. A recently developed
numerical solution technique (Blair and Kwon 2015; Kwon
2017) is then discussed. Both experimental and numerical
results are presented and discussed, which is followed by
conclusions.
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Fig. 1 Isometric view of experimental setup
2 Description of experiment
A new experimental setup was designed and fabricated to
study structural coupling through fluid as a result of FSI. Fig-
ure 1 shows the overall experimental setup. It consists of a
plate holdermade of Plexiglaswith grooveswhere composite
plates are inserted, the external barrier to retain any flow leak
resulting from failure of composite plates, and the pendulum
impactor. There are five grooves in the plate holder as shown
inFig. 2 so as to change the spatial distance between twocom-
posite plates, test multiple fluidmedia as well as test multiple
composite plates simultaneously. Because the plate thick-
ness was varied, Plexiglas shims were used to hold the plates
tightly as shown in Fig. 2. The plate holder was designed to
clamp all edges of each plate. The pendulum impact can be
adjusted for its mass and the impact velocity. The whole test
setup was attached to a vibration isolation table to minimize
vibration of the test setup during the impact test.
The experiments were repeated multiple times for the
same condition to check the repeatability of the test results.
First of all, the tests were conducted for two plates for a
given distance. The fluid level was changed from 0% (i.e.,
no fluid) to 100% incrementally. The amount of increment
was determined based on the test results. If there was a large
Fig. 2 Plexiglas plate holder with five grooves
Fig. 3 Strain gages attached to composite plate
or interesting variation in the test results, the increment was
refined as necessary. Distilled water was used as the fluid
medium.
Each composite plate had the square dimension from one
clamped end to the opposite end, and it was 0.282 m by
0.282 m. The thin plate had the thickness of 1 mm. The plate
was made of woven fabric composites, layered at 0 and 90
degrees. The elastic modulus in the warp and weft directions
was close each other, and its value was 59.3 GPa. The density
of the plate was 1380 kg/m3. The initial spacing between the
two plates was 0.059 m.
Nine strain gages were attached to each composite plate as
shown in Fig. 3. The plate surface area was divided into four
equal spacings with three lines in the horizontal and vertical
directions, respectively. Then, strain gages were attached to
the intersecting points of each horizontal and vertical lines
as shown in Fig. 4. Each strain gage was referred to as shown
in Fig. 4. That is, gage #5 is located at the center of the plate.
However, since the impactor struck the center of the plate for
the front plate, the center gage was placed a little offset from
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Fig. 4 Strain gage locations and reference numbers
the center. In addition, a load cell was also attached to the tip
of the impactor to measure the impact force.
3 Numerical analysis
The cellular automata (CA) technique was used to model
both the structures and the fluidmedium. The structures were






+ ∇2M = q (1)
M = Mx + My
1 + ν
Here, Mx and My are the bending moments about the x-
and y-axis, respectively; w is the plate deflection; ρ is the
material density; h is the plate thickness;∇2 is the Laplacian
operator; q is the pressure loading; D is the plate rigidity; ν
is Poisson’s ratio; and t indicates time.
To generate the CA rules which are to be applied to every
lattice points, the finite difference technique is applied to
the equations. The finite difference-based cellular automata
(FDCA) rules for the lattice point (i, j) are expressed as
below:
Mti, j = Di, j
[(
















−Mti, j+1 − Mti, j−1 + 2Mti, j
)
/ (y)2 + qi, j
]
/(hρi, j )
ẇt+ti . j = ẇti, j + ẅti, jt
wt+ti, j = wti, j + ẇt+ti, j t
(2)
where superscripts t andt are the present time and the time
increment; x and y are the lattice spacing along the x-
and y-axis; and the superimposed dot denotes the temporal
derivative.
If the plate is clamped along the edge, the deflection and
slope are zero at the clamped lattice point. Because the slope
is not represented explicitly, the lattice points before and after
the clamped point should have the same displacement. This
requires a fictitious lattice point beside the clamped lattice
point. On the other hand, if the plate is simply supported, the
bending moment and the deflection vanish at the simply sup-
ported lattice point. This does not require a fictitious lattice
point.
The fluid medium was modeled using the wave equation
by neglecting the fluid motion as well as its viscosity. The
linear acoustic wave equation is written as:
∂2 p
∂t2
= c2∇2 p (3)
in which c is the speed of sound in the fluid medium, and
p is the acoustic pressure. Applying the FDCA technique to
the wave equation yields the following rules for every lattice
point (i, j, k).
p̈ti, j,k = c2i, j
[(














ṗt+ti . j,k = ṗti, j,k + p̈ti, j,kt
pt+ti, j,k = pti, j,k + ṗt+ti, j,k t (4)
The boundary condition to the pressure can be applied in
the following way. For the rigid wall boundary, the pressure
before and after the rigidwall should be equal, which requires
a fictitious lattice point. For the free boundary at the lattice
point (o, j, k) along the x-axis, the following expression is
applied.
po, j,k = 2p1, j,k − p2, j,k (5)
The non-reflective lattice point (o, j, k) along the x-axis has
the following boundary condition.
po, j,k = p1, j,k, ṗ1, j,k = 0 (6)
The structural and fluid domains are solved in the staggered
manner. For an example of two plates separated by a fluid
medium, the plate to which an external load is applied is
called the front plate while the other plate is called the rear
plate. First of all, the front plate is solved using the FDCA
as described previously. For this solution, the fluid pressure
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Fig. 5 Impact force time history as a function of water level between
two thin plates with 0.059 m spacing. a Lower water levels and b higher
water levels













Fig. 6 Impact peak force vs water level between two then plates with
0.059 m spacing
at the interface of the first plate and the fluid is applied to
the first plate. Then, the fluid domain is solved with the two
interfaces pressures determined from the plate acceleration.




















Fig. 7 Comparison of two different loading rates




















Fig. 8 Plot of displacement ratio for two different loading rates versus
vibrational period of the system
Finally, the rear plate is analyzed with the pressure at its
interface with the fluid. This process repeats itself until the
solutions converge. After that, the same cycle continues with
a time increment.
4 Experimental results and discussion
The first series of the experiments were conducted for two
thin plates whose geometric and material property data were
given in the previous section. The initial spacing between the
plates was 0.059 m. Different water levels were considered
for the same impact condition. The impactor has the mass
2.15 kg and the impact velocity 1.70 m/s.
The impact force was plotted as a function of time for
different water levels as shown in Fig. 5. In order not to over-
crowd the plots, the force time histories were separated in
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Gage #4 Gage #5
Gage #8
Fig. 9 Plot of maximum strain versus water fill level at different locations of the front plate
two figures. The first figure plots the forces from zero water
up to 45% water level. The second figure plots the forces
from 50 to 100% water level. As shown in those figures,
there was no clear trend in the force time history as a func-
tion of the water level. The peak force and contact duration
varied rather randomly for different water levels. However,
lower water levels resulted in greater maximum impact force
as compared to higher water levels. The peak impact force
is plotted in Fig. 6. When there was no water or 35% water,
the impact force was the largest. The smallest impact force
occurredwith the 55%water level. As thewater level became
75% or greater, the maximum impact force remained rela-
tively constant. The time when the peak force occurred could
be grouped into three cases. When there was no water, the
peak force occurred around at 0.007 s. When the water level
was between 25 and 60%, the peak force occurred near to
0.005 s. As the water level increased to 75% or higher, the
peak occurred around at 0.0025 s. The amount of time needed
to reach the peak impact force decreases as the water level
increases.
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Fig. 10 Maximum strain plot versus water fill level at strain gags of the rear plate
Even though the peak impact forces with high water fills
were smaller than those with low water fills, strains at the
former cases were larger than the latter cases. The faster rise
of the impact forces in terms of time with high water fills
resulted in greater strains. Such phenomenon is associated
with a combination of the force time history and the vibra-
tional characteristics of the structure. A numerical analysis
was conducted on a spring-mass system with a single degree
of freedom to validate this phenomenon. Two different forces
were applied to the systemas shown inFig. 7. The forceswere
applied to simulate the experimental results. One force was
applied with a slower time increase with a larger peak while
the second force was applied with a faster time increase and a
smaller peak value. The maximum displacement of the mass
123
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Fig. 11 Strain history at the rear plate with 35% water fill level
was computed for each force, and the ratio of the displace-
ment was determined by dividing the displacement for the
faster force by the displacement for the slower force. The
displacement ratio is plotted as a function of the vibrational
period of the mass-spring system. Figure 8 shows that the
displacement ratio can be greater than unity depending on
the vibrational characteristics of the system. Therefore, the
impact force may not increase as a function of the water level
and can produce a larger deformation and strain even though
its peak value is smaller.
Figure 9 plots the maximum strains as a function of the
water level at different locations of the front plate. The maxi-
mum strain responses on the front plate did not change much
from the zero percent to the 25% water case. This observa-
tion might be due to the fact that none of the strain gages
fell below the water line. In other words, the lowest location
of the strain gage (i.e., gage #8 in Fig. 4) was at the 25%
water surface. As the water level increased to 50%, the strain
gages at the midline location (i.e., gages #4 and #5) as well
as the gage #8 of the front plate showed a visible increase.
However, the strain gage attached above the 50% water level
(i.e., gages #2) showed little change in their magnitude. As
the water level went up 75% or more, strains became large
at all strain gage locations.
The strain at gage #8 was relatively constant between 35
and 90% with the maximum strain at 80%. Strain gage #5
remained more or less constant when the water level became
greater than 40%. On the other hand, strain gage #4 showed
two peak values at 60 and 100%. The overall maximum
strain occurred at gage #2 when the water level was 95%.
The results clearly suggested that the strain of the front plate
was significantly influenced by the water level. The section
123
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Fig. 12 Plot of vibrational
frequency of the plate as a
function of water fill level


















































Fig. 13 Comparison of numerical strain responses between front and rear plates for uniform pressure loading while the space is full of water
of the plate which was in contact of water generally exhib-
ited much greater strains than the other section not in contact
with water.
The maximum strain at every gage location of the rear
plate is shown in Fig. 10 as a function of the water level.
Ideally, strains at the rear plate should be zero when there is
no water between the front and rear plates because there is
no load transfer through a fluid medium between them even
though the front plate is impacted. However, both plates were
attached to thewater enclosurewhichwas constructed by alu-
minum and Plexiglas materials. As a result, stress wave was
transferred to the rear plate through the enclosure structure
even without water. In order to neglect this effect, all strain
values in Fig. 10 were the differentials between strains with
water and the strain without water. Because strain gages #1,
#4, and #7 had similar responses to those of gages #3, #6,
and #9 due to the symmetric configuration, only six gages
were plotted in the figure instead of nine.
All maximum strains at the rear plate had a small increase
until the water level became 50% except for the gages #7 and
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Fig. 15 Center displacement plots of the same thickness plates with 50 or 100% water level subjected to uniform pressure loading (both plates are
2.54 mm thick)
#8 which started to increase from the lower water level 25%.
Overall, the peak strains at the rear plate were lower than
those at the front plate at the same gage locations. However,
their magnitudes were comparable. In general, the largest
strain was recorded at the gage #8. When comparing gages
#2, #5, and #8, each gage indicated that the increase in its
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Fig. 16 Frequency spectrum of the same thickness plates with 50%
water level subjected to uniform pressure loading (both plates are
2.54 mm thick)
strain occurred as the water level was above the strain gage
location. In other words, the water level was critical to the
local strain of the rear plate.
The water level influenced the strain behaviors at the rear
plate. If a gage was located much above the water level, the
strain plot had the maximum strain at the first peak of its
time history, and the strain decreased gradually as shown in
the gage #2 and #5 of Fig. 11 for the 35% water level. Gage
#8 had three positive peaks of the same magnitude and the
negative peak occurred at the third peak as seen in Fig. 11.
This observation was also related to the damping out the
vibrational response at different locations of the plate. Strain
gages near or below the free water surface indicated a longer
duration of oscillation as compared to those much above the
free water surface.
TheFast Fourier Transform (FFT)was applied to the strain
history data to determine the vibrational frequency of the
plate. Both front and rear plate had the same first major fre-
quency which varied depending on the water level. Figure 12
shows the vibrational frequency plot which was normalized
with respect to the frequency without water. The frequency
decreasedwith the higherwater fill level because of the added
mass effect resulting from FSI. The reduction in the fre-
quency was relatively linear up to the water level 50%. The
frequencywith the 50%water levelwas 40%of the frequency
without water. After 50%water level, the decrease in the fre-
quency was small and the frequency remained the same from
75% water level. Only, when the water level was 100%, the
frequency was slightly increased, and believed to be from the
boundary condition of the water. When the water level is less
than 100%, the water has a free surface even though water
can contact with the top cover due to the slushing motion.
However, 100% water level does not have the free surface
any more. Water was constrained in all direction. That might













































Fig. 17 Center displacement plots of different thickness combination of plates with 100% water level subjected to uniform pressure loading (thick
plate is 2.54 mm thick and thin plate is 1.27 mm thick)
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Fig. 18 Strain plots at different gage locations for 2.54 mm thick front plate and 1.27 mm thick rear plate with 50%water level subjected to uniform
pressure loading
because the change was very small, no further research was
conducted to identify the cause.
5 Numerical results and discussion
A series of parametric studies were conducted numerically.
The numerical model was based on those used for the experi-
mental studies. Then, some variables and/or conditions were
changed one after another. First of all, the effect of different
loading types was investigated on the structural coupling by
fluid. The loading was expressed as p = FoA e−αt where Fo
is the total applied force, A is the area of the applied loading
which varied for different loading, α is the decay constant,
and t is the time variable. For the present study, the total force
was 1 N and the time decay constant was 1000/s.
Figure 13 compares the strain responses at the center (i.e.,
gage #5) of the front and rear plates for two different loads
while the water level is full. One loading type was a localized
force at the center of the plate while the other type was a
uniformly distributed pressure all over the plate. The latter
case had a 100 times larger loaded area than the former case.
As seen in the figure, the uniform loading resulted in almost
identical responses between the front and rear plate, which
suggests a very strong coupling of the two plates. On the
other hand, the much localized loading showed much more
independent behaviors between the front and rear plates. The
former loading indicates a weak coupling. As a result, the
coupling effect was quite dependent on the loading type.
The same two types of loading were also compared when
the water was at half full between the plates as seen in
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Fig. 19 Strain plots at different gage locations for 1.27 mm thick front plate and 2.54 mm thick rear plate with 50%water level subjected to uniform
pressure loading
Fig. 14. The uniform loading also provided a stronger cou-
pling effect than the localized loading. That is, both front
and rear plates responded in a more coordinated way for the
uniform loading. However, the lower water level resulted in a
weaker coupling of the two plates when Figs. 13 and 14 were
compared.
Figure 15 plots the center displacements of the front and
rear plates with uniform loading. The water level was varied
from 100 to 50%. As stated above, the reduced water level
weakened the coupling effect. Hence, the front and rear plates
did not move together. The FFT of the displacements was
undertaken and its result is plotted in Fig. 16. The frequency
spectrum is similar between the two plates.
The next study changed the thickness of the plates. One
case had the front and rear plates which were 2.54 and 1.27
mm thick, respectively. The other case switched the plate
thickness for the front and rear plates. That is, the rear plate
was thicker than the front plate. The water level was 100%
and the applied loadingwas uniformpressure. The center dis-
placements of the front and rear plates were plotted as shown
in Fig. 17. Interestingly, the two cases showed a very opposite
response. The thin front plate and thin rear plate deformed
like a concavemotion after 0.01 s. In other words, both plates
moved toward each other. On the other hand, the other plate
combination showed a convex motion after 0.01 s. with two
plates moving away from each other. This result indicated
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Fig. 20 Central displacement plots with two different spacing of the same thickness plates (the left plot for spacing 29.6 mm and the right plot for
spacing 118.2 mm)
that the same thickness plate maintained the same dynamic
motion regardless of its location whether it was placed front
or back. When the two plates have the same thickness, the
center displacements of both front and rear plateswere nearly
identical. Therefore, the combination of different plate thick-
nesses influenced the plate responses significantly.
To further examine the different thickness effect, strains
were compared for the 50% water level and subjected to
uniform pressure loading. Figures 18 and 19 compare the
strain plots at different locations for the two different plate-
thickness cases. There were some notable facts in the strain
responses. As before, strains at the rear plate, which were
much above the free water surface, were smaller than the
strains at other locations. The thin front plate showed larger
strains than the thick front plate, as expected. The thin front
plate had the largest strain at the gage #2 among all gages,
which is above the free water surface. The thicker rear plate
also had a comparable strain as the thin rear plate as Figs. 18
and 19 were compared. Exceptionally, gage #5 showed that
the thick rear plate had a twice larger strain than the thin rear
plate. In addition, the strain characteristics at gage #5 were
very different between the two cases. The thick-front/thin-
rear case showed qualitatively the opposite behavior to the
thin-front/thick rear case at gage #5.
The last numerical case investigated the effect of spacing
between the two plates subjected to localized loading. The
spacing under that loading was critical for the load transfer
from the front plate to the rear plate.As the spacing increased,
the dynamic response of the rear plate decreased for the same
loading on the front plate as seen in Fig. 20. The figure com-
pares the central displacements of the front and rear plates
for two different spacings.
6 Conclusions
Both experimental and computational studies were con-
ducted to investigate the coupling responses of independent
structures resulting fromFSI through afluidmediumbetween
them. Both studies supplemented each other. A test setupwas
designed and fabricated for the experimental study while a
new computational scheme based on the Cellular Automate
technique was used for the numerical studies.
The results showed notable coupling effects such that the
dynamic response of a plate was transferred to the next struc-
ture through fluid medium. The response of the rear plate,
which was the passive plate, depended on the water level
between the two plates and the loading type whether it was
uniform or localized. Especially, the local strains of both
front and rear plates depended on the water level. In other
words, the strains at the portion of each plate, which was
much above the free water surface, were very different from
those at the other part of the plate, which was near or below
the free water surface when the water was not fully filled.
For the present test setup, the peak impact force was lower
with high water fills, but the faster rise of the force resulted in
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greater strains with high water levels. The maximum strain
occurred mostly at the gage #8 of the front plate until the
water level became greater than 80%. The gage #2 showed
the largest strain at the water level greater than 80%. The rear
plate had the largest strain at gage #8 except for the water
level 95% where strain gage #1 had the maximum strain.
The uniform pressure loading provided more synchronized
responses of the front and rear plates when compared to the
localized loading. The spacing between the two plates also
influenced the rear plate response for the localized loading
even with 100%water between the plates. In addition, differ-
ent plate thicknesses of the two plates showed very opposite
displacement behaviors of the twoplates under the same load-
ing condition.
In conclusion, the studies showed that the coupling effect
was important for design and analysis of independent struc-
tures which were connected through a fluid medium because
of the FSI effect. In order to optimize the behaviors of the
structures coupled through a fluid medium, a proper set of
parameters should be selected depending on their objectives.
Such parameters can depend on the loading type. Thus, it
is also useful to understand or predict the loading type in
advance for an optimal design of those structures.
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